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Abstract
In order to decarbonise the energy system, alternative transition pathways were assessed in recent years that agree on the crucial 
role of the heating sector, due to its potential to increase the renewable-based share of energy demand and to improve energy 
efficiency. Simultaneously, the increasing share of fluctuating renewable energy sources (RES), such as wind and photovoltaic, 
raises the hourly volatility in the energy system and challenges energy utilities. To balance energy demand and RES in an optimal 
manner storage-based heating systems can be used as flexible loads. This study discusses to what extent smart residential heating 
systems can contribute to the integration of RES and quantifies the trade-off between electricity savings and flexibility provision, 
when replacing storage heaters by heat pumps. To answer these research questions a simulation-based scenario analysis is 
conducted until 2050 encompassing France, Germany and the United Kingdom. These countries are of specific interest due to 
their substantial share of electric heating as well as their exponentially rising wind and photovoltaic (PV) generation capacities. 
The study reveals that the long-term potential of heating technologies for the integration of RES is relatively limited in countries 
such as France or Germany, given the improved insulation of buildings and the seasonal offset between PV generation and heat 
demand. However, in the short- to medium-term, or in countries with low shares of PV generation but high shares of wind power 
(such as the UK), heating technologies may facilitate the integration of RES, especially in the absence of alternative flexibility 
options.
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1. Introduction
In its roadmap for building a low-carbon economy, the European Commission has drafted potential pathways 
towards an greenhouse gas emission reduction of 80 to 95% compared to 1990 levels [1]. The achievement of this 
target builds upon two major strategies: a comprehensive diffusion of renewable energy sources (RES) and the 
extensive use of energy efficiency measures to trigger energy savings. These two cornerstones aim to make the 
European Union's energy system more secure and sustainable and its economy more competitive.
Various scenario analyses have recently been performed to assess potential transition pathways (see e.g. the 
comparative study of Förster et al. [2]). The majority of studies agree that the heating sector will play a crucial role 
in the transformation of the energy system: Its electrification increases the use of RES-based, low-carbon electricity 
and helps to cut carbon emissions. In addition, the dissemination of highly-efficient heating technologies, namely 
heat pumps, substantially reduces primary energy demand.
However, RES deployment is expected to be realised primarily in the electricity sector, particularly through the 
diffusion of fluctuating generation technologies such as wind and photovoltaics (PV). Consequently, the net load 
which is defined as the national system load minus the generation from RES must be assumed to feature a 
corresponding increase in hourly volatility in the long run. At present, utilities and grid operators use storage heaters 
to shave load peaks and ensure a continuous utilisation of the electricity generation and transmission infrastructure, 
by scheduling them in night time. In the future, utilities might benefit from the shiftable capacity of storage heaters 
and heat pumps to balance supply and demand and integrate renewable electricity generation.
The research questions presented by the proposed framework are: To what extent can smart residential heating 
systems contribute to the integration of renewable energy sources? And what is the trade-off between electricity 
savings and flexibility, when replacing storage heaters by heat pumps? 
This study aims to address these research questions by applying two simulation models in the context of a 
scenario analysis until 2050. It quantifies the extent to which electric heating systems in the residential sector can 
facilitate the integration of RES and smooth the net load under different pricing schemes. Given that the shape of the 
net load is also subject to transformation due to changes on the demand side (as demonstrated, for instance by [3]), 
the impact of electric vehicle charging is explicitly taken into account. The regional scope of this study encompasses 
France, Germany and the United Kingdom (UK). These countries are of specific interest because France has 
experienced a substantial electrification of the heating sector over the past decades and the provision of sanitary hot 
water here relies substantially on storage heater technology [4]. In contrast, Germany is characterised by a clear 
decline in the installation of night storage heaters. Simultaneously, the installation of wind and PV generation 
capacities is rising exponentially here and the country has an ambitious strategy for the insulation of buildings. The 
UK, on the other hand, is much less focused on housing insulation and it propagates the installation of heat pumps 
instead, aiming to cover 30% of all heat provided using this technology [5]. 
The remainder of this study is structured as follows: Section 2 introduces the two simulation models applied in 
this study. Section 3 describes the scenario analysis including the major assumptions and presents the key findings 
of the two models. Finally, Section 4 contains the conclusions and a critical discussion of the results.
2. Methodological approach
Within this study the energy demand models FORECAST (FORecasting Energy Consumption Analysis and 
Simulation Tool) and eLOAD (energy LOad curve ADjustment tool) are applied that are frequently used in German 
and European studies for policy makers and industrial customers [6-9]. FORECAST analysis energy demand on an 
annual basis, which is subsequently broken down into hourly load curves by eLOAD (see Figure 1). In the 
following, the structural framework and modelling procedure of both models as well as their linkage are discussed.
FORECAST
The energy demand model FORECAST aims to develop long-term scenarios of the EU28+3 (3: Norway, 
Switzerland, Turkey) by country up to 2050. FORECAST comprises four individual modules: industry, tertiary and 
residential module each representing a demand side sector and the rest is captured by the module ‘Others’ 
containing the agriculture and transport sector. While all sector modules follow a similar bottom-up methodology, 
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they also consider the particularities of each sector like technology structure, heterogeneity of actors, level of end-
consumer energy carrier prices and data availability.
The bottom-up approach allows modelling the diffusion of technologies as the result of individual investment 
decisions taken over time. For all types of investment decisions, the model follows a simulation approach rather than 
optimisation in order to better capture the real-life behaviour of companies and households. The investment decision 
is modelled as a discrete choice process, where decision makers choose among rival technologies (considering 
different energy carriers) to satisfy a certain energy service. The discrete choice modelling is implemented as a logit-
approach considering the total cost of ownership (TCO) of an investment plus further intangible costs and benefits. 
This approach ensures that even if one technology is more cost-effective than the others, it will not gain a 100% 
market share. This effect reflects heterogeneity in the market, niche markets and non-rational behaviour of 
companies and households, which is a central capability to model policies. Especially in the case of heating system 
replacement, path dependencies need to be considered in the context of decision-making as cost advantages vary 
depending on the system to be replaced. This means that lock-in effects have to be considered when modelling the 
costs of fuel switching in terms of investment cost mark-ups as they essentially influence the transition probability. 
FORECAST also captures the transition to and from non-electricity driven rival alternatives.
In this study the entire electricity demand of each of the three countries is considered, whereas the focus is set on 
the residential sector (FORECAST-Residential) which is composed of two modules: ‘household appliances and 
lighting’ (Module 1) and ‘heating systems’ (Module 2). The following discussion is narrowed to Module 2.
The framework of heating system analysis is provided by the useful energy demand for heating purposes derived 
from the country-specific building typology differentiated by construction period (<1960, 1961-1990, 1991-2008, 
2009-2020, 2021-2050). These are in turn divided into building types (single-family-houses (SFH), and multi-
family-houses (MFH)) and five thermal efficiency standards. The standards are represented by a set of building 
elements of roof, wall, floor and window together with their thermal characteristics. This allows to analyse the 
useful energy demand based on the buildings’ physics distinguished by transmission and ventilation heat losses as 
well as solar and internal heat gains. Splitting the new building stock into those constructed before and after 2020 is 
related to the fact that major policy regulations regarding the energy performance of buildings are defined for the 
year 2020 (e.g. EPBD recast) [10]. Considering the building typology in this way, results in a total of 50 reference 
building segments per country.
The useful energy demand coverage by heating systems for space heating and sanitary hot water purposes is 
calculated in a subsequent step. The electricity-related heating systems analysed in the heating module are: heat 
pumps, direct electric heating and storage heater. To receive the electricity demand by heating system on an annual 
basis, the useful energy demand is transformed into final energy demand by system-specific performance factors.
The latter incorporate the entire set of technological parameters that determine the utilization factor of a heating 
system, e.g. heating system efficiency, efficiency decrease due to part load operation and heat losses.
eLOAD
eLOAD aims to estimate the future shape of the national electricity system load curves and to quantify the 
contribution of demand side technologies to smooth the net load (also known as demand response, DR). It is 
available for all countries of the EU27 until the year 2050. eLOAD consists of two modules. The first module 
addresses the deformation of the load curve due to structural changes on the demand side and the introduction of 
new appliances (such as electric vehicles) by applying a partial decomposition approach (PDA). The technology 
specific annual demand projection from the FORECAST model (see Figure 1) serves for the identification of all 
“relevant appliances” that feature a significant increase or decrease in electricity consumption over the projection 
horizon. By using appliance specific load profiles, a load curve can be generated for all relevant appliances for the 
base year, according to the respective annual demand in the base year. These load curves are deduced from the 
system load curve of the base year. The resulting remaining load curve and the appliance specific load curves are 
then scaled for all projection years according to the demand evolution. Reassembling the scaled remaining load and 
the scaled load curves gives the load curve of the projection year.
The main advantage of the PDA consists of its ability to properly take into consideration structural changes in 
overall annual demand by explicitly modelling the main drivers for load curve deformation while preserving 
stochastic outliers and characteristic irregularities from historic load curves. Using the results from the FORECAST 
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model entails the benefit of integrating the assets of bottom-up simulation modelling. This ensures an appropriate 
representation of a large variety of appliances, of the diffusion of new technologies, of the evolution of techno-
economic characteristics as well as the consideration of macro-economic drivers and political measures.
Fig 1: Overview of the structural framework and modelling procedure of FORECAST and eLOAD [8]
The second module of eLOAD addresses the active adjustment of the load curve by means of DR. The net load is 
defined as the overall system load curve minus the generation of RES. Smoothing the net load enables an efficient 
operation of existing electricity generation assets and grid infrastructure as well as a diminished need for investment 
in new capacities. A major input of the DR module are hourly generation profiles from renewable energy sources.
Net load smoothing is carried out by determining the optimal load schedule for appliances/processes that are 
particularly suitable for DR. The optimisation is performed from the consumer perspective. A consumer group 
receives a day-ahead price or net load signal. Based on the electricity consumption pattern (i.e. the load profile) of 
the respective process as well as techno-economic parameters and restrictions (e.g. capacity, storage or 
organizational constraints), a mixed-integer optimisation is carried out to determine the least-cost scheduling of the 
load. The DR module delivers a quantitative load shifting potential, providing detailed information about the 
seasonal, weekly as well as hourly load shifting availability of the individual appliances. It generates a smoothed net 
load curve that may be used in an electricity market model to quantify the impacts of DR on the electricity system.
3. Case Study
3.1. Scenario definition
The aim of this case study is to determine how electric heating systems in the residential sector influence the 
level of electricity demand and the extent to which they may contribute to the provision of flexibility to integrate 
renewable energies in France, Germany and the UK until 2050. In terms of the technological scope, the focus is set 
on storage heating, direct electric heating, and heat pumps for space heating (SH) and sanitary hot water (SHW) 
purposes in the residential sector. Every heating system is represented by an average reference technology. To 
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analyse the impact on national annual electricity demand for these three countries, the other demand side sectors 
(industry, tertiary, agriculture and transport) are captured in this scenario analysis as well. However, the hourly DR 
modelling performed with the eLOAD model is limited to storage heaters and heat pumps and the year 2050. 
Resistance heaters without storage and electric vehicles are only considered for the load curve projection, in order to 
appropriately represent the change in the overall system load.
In the DR analysis we distinguish two price mechanisms: time-of-use (TOU) and real time pricing (RTP). The 
major difference between the two mechanisms consists in their temporal variability. The TOU mechanism provides 
a price pattern that is fixed for each typical day. The RTP, instead, varies on an hourly basis and directly reflects the 
volatility of the wholesale price. In the absence of an electricity market model, in this study, the net load is used as 
indicator for the evolution of the wholesale price. Both, the TOU and the RTP, equal on average end-user price that 
is assumed for the FORECAST calculations.
3.2. Parameter framework
The socio-economic parameters set the quantitative framework for the scenario analysis, which are taken from a
study published by the Energy System Analysis Agency (ESA²) [11]. In France and the UK population and the 
number of dwelling rises continuously from 2010 to 2050 with an ongoing time horizon mainly due to immigration. 
In contrast, population is decreasing in Germany. Electricity prices rise drastically in the first two decades and 
subsequently decrease by 10-20 % until 2050. The GDP growth rate is assumed to be 1.7% p.a. on average for 2010-
2050, which is the main driver of electricity demand in the industry and tertiary sector. To ensure comparability, the 
framework parameters are equal in both scenarios. The building-related and heating-related parameters are taken 
from current projects such as ENTRANZE [12].
The hourly load profiles of heating technologies, used for the projection of the system load curve, originate 
primarily from literature surveys (e.g. across German utilities), load profile data bases (e.g. REMODECE, [13]) or 
load records from field surveys (e.g. DEFRA household electricity study, [14]). Load profiles of space heating 
technologies feature a daily variation in level as function of the outdoor temperature. In contrast, load profiles of 
DHW technologies are solely distinguished across the different typical days. The load profile of electric vehicles is 
based upon an extensive assessment of German vehicle driving profiles and the assumption that vehicle batteries are 
charged after the last journey of the day [15]. The Harmonised European Time-Use Survey, HETUS [16] indicates 
that daily activities in France (namely working, shopping, leisure) are characterised by a one-hour delay compared 
to Germany, the charging load profile is correspondingly shifted. No adjustment is required for the UK.
With respect to the assessment of the optimal operation of the heating technologies, assumptions are required in 
terms of generation from renewable energy sources and underlying pricing schemes that trigger load adjustment.
The renewable electricity generation builds likewise upon the ESA2 report [11]. It is characterised by significant 
annual growth rates of up to 7%, e.g. in the UK (see Table 1). 
Table 1: Overview of renewable electricity generation in 2050
France Germany UK
Wind Solar PV Wind Solar PV Wind Solar PV
Installed capacity [GW] 76.4 90.7 65.2 99.0 113 43.8
Generation [TWh] 168 100 159 112 286 43.8
The electricity generation profiles of the different types of RES builds upon empirical data from 2010 [17]. They 
are explicitly exhibited in the results Section 3.4. The TOU pricing scheme considered consists of an 8 hour low 
tariff price zone, a 4 hour peak price zone and a 12 hour default price zone. The location of the price zones is 
endogenously determined by the eLOAD model based on the hourly wholesale price. The RTP reflects the daily net 
load volatility by normalising the maximum to the value of 1.
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3.3. Annual demand results
When comparing electricity demand by country 2010 vs. 2050 (see left side of Figure 2), the analysis reveals that 
the national electricity demand increases from 449.2 TWh to 479.6 TWh (+6.8 %) in France, decreases in Germany 
from 527.3 TWh to 482.2 TWh (-8.55 %) and increases in the UK from 328.8 TWh to 364.3 TWh (+10.8 %). The 
general trends by sector behind these developments are the following:
x Residential sector: increase of population in the short- to medium term due to immigration, person per 
dwelling ratio decreases continuously, white appliances are in a saturation status, strong increase of ICT-
appliances, diffusion of high efficient lighting technologies, strong increase of buildings’ thermal efficiency
x Tertiary sector: continuing of ‘tertiarisation’, slow down of the increase of employee in tertiary sector due 
to ageing of population, floor area per employee increases, occupancy control leads to decreasing electricity 
demand, increase of ventilation and air conditioning demand, demand for ICT-appliances increases.
x Industry sector: as many processes were optimised in the past the electricity saving potentials of energy-
intensive processes are relatively low, long lifetime of industrial equipment slows down diffusion of 
innovative production technologies, price pressure on electricity and emission prices prevent the faster 
diffusion of more efficient production technology, continuous shift from primary to secondary production 
in many industrial processes (steel, paper, copper), significant savings potentials are available for cross-
cutting technologies at low cost.
x Agriculture and transport sector: the electricity demand allocated to these sectors is mainly driven by the 
diffusion of electro mobility, the political framework has a positive effect on reducing battery costs and 
puts customer acceptance on a broader footing, the technical (e.g. safety, service life) and economic 
development goals (around 200 to 300 euro/kWh battery price until 2020) are reached in succession, the 
hybridisation of vehicles becomes widespread because of their economic efficiency.
Analysing the useful energy demand by purpose in each country shows that space heating demand decreases by 
28.4 % in France, by 28.8 % in the UK, and by 31.2 % in Germany until 2050. In parallel, the useful energy demand 
for sanitary hot water purposes increases by 22.1 % in the UK, by 13.2 % in France and decreases by 11.7 % in 
Germany until 2050. In terms of heating systems, the analysis reveals similar technological trends in each country: 
an increase of heat pumps and a decrease of direct electric heating and storage heating (see right side of Figure 2).
However, in this context it needs to be considered that thermal efficiency of buildings essentially determines the 
technological and monetary framework conditions for the heating systems to be installed. For instance, single-
family-houses with a very low level of thermal efficiency like passive houses are mainly equipped with heat pumps. 
Another example is that single-family-houses with a low level of thermal efficiency improvement during 2010 and 
2050 tend to stick to storage heating systems.
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Fig 2: Total electricity demand by sector (left) and analysed technologies (right) by country for 2010 and 2050
For heat pumps the strongest increase can be seen for Germany from 2.7 TWh to 19.7 TWh (+723.3 %) in 2050, 
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whereas 20.9 % are attributed to sanitary hot water purposes. Electricity-driven storage heating systems for sanitary 
hot water purposes show the strongest decrease in France from 18.9 TWh to 10.4 TWh in 2050 and in terms of 
space heating in Germany from 12.8 TWh in 2010 to 2.3 TWh in 2050. To put the results into perspective, Figure 2
also contains the electricity demand of electric mobility, which is substantial for the following discussion about the 
evolution of the system load and the load shifting potential.
3.4. Hourly load results
In the following the hourly results are presented and analysed. The study focuses on the hourly system load 
curves (i.e. the annual demand translated into hourly demand patterns), the net load curves (i.e. the system load less 
the generation from fluctuating renewable energy sources) and the load of the individual processes. 
Figure 3 depicts the net and system load curves for France, Germany and the UK without the application of 
demand response tariffs. Due to the high number of direct electric heaters for space heating, France features still a 
very high seasonal demand variation in 2050 in comparison with the other countries, although it has declined by 
11% due to efficiency measures. Seasonal variation also reduces in the UK (by 4%), but not in Germany. Here 
efficiency in heating systems comes with their electrification by replacing old systems with electricity driven heat 
pumps. While differing in seasonal variation, the analysed countries show a similar evolution in the daily demand 
structure: On the one hand the demand reduction in storage heating systems leads to a lower load level in the early 
morning hours, but on the other hand the diffusion of electric vehicles induces an evening peak that is especially 
pronounced on weekdays.
Fig 3: Average net (left) and system load curves (right) in 2050 in France (blue), Germany (red) and the UK (green).
On an average day, electric vehicles increase the evening peak by 13.6 GW in France, 10.3 GW in Germany, and 
12.6 GW in the UK. The structure is also similar in the three countries when it comes to the net load curves, but with 
quite substantial differences in load levels. The UK features a high wind power generation which results in very low 
net demand levels with negative demands in the early morning hours in winter and the midday hours in summer 
where PV generation reduces the net load additionally. Due to the PV induced midday load valley the EV peak is 
even more accentuated in the net load curve than in the system load. Germany and France are characterised by their 
high generation of PV which leads to significant seasonal differences due to higher solar radiation in summer where 
the net demand becomes negative during midday.
Like described above, TOU and RTP price mechanisms are introduced for the optimal operation of the heating 
systems. For a better understanding, the effects of both tariffs are analysed in detail for the UK and on a more 
qualitative level for the two other countries. The left part of Figure 4 shows the average net load curve for the UK in 
2050 under TOU and RTP pricing mechanisms. The non-optimised load curve and the empiric system load of the 
year 2010 are included as a benchmark. The maximum load shifted from one hour is 6.30 GW in the RTP scenario 
(about 8% of the maximum demand of 76.9 GW) which is apparently not enough to smoothen the EV evening peak 
without directly applying load management on the electric vehicles, but both pricing schemes reduce the amount of 
negative net demand from -43.1 TWh to -42.0 TWh and -40.6 TWh for TOU and RTP, respectively. Here the RTP 
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tariff suits better for load smoothing and RES integration. Another issue with the TOU tariff is the consumers’ 
reaction it provokes: By applying the TOU price, all consumers shift their load simultaneously to the beginning of 
the low price zone (see right part of Figure 4) and a load peak is induced at 9 am (cf. left part of Figure 4). This so-
called avalanche effect can be observed in more detail in Figure 5.
Fig 4: Average net load in the UK in 2050 (blue) under TOU (green) and RTP (red) price mechanisms and in 2010 (black) (left figure) and 
corresponding  pricing schemes (right figure).
Figure 5 illustrates that under the TOU tariff heating systems immediately start working as soon as the low tariff 
is active (at 9 am in summer) and the operate again just before the low tariff hours are over (at 5 pm in summer) to 
fill their storages. To fill the heating demand in winter it is not sufficient to run the heating systems only during low 
tariff hours. This applies especially for heat pumps, which operate best at relatively low temperature levels and have 
therefore limited storage capacities. It can be seen that, when using the TOU pricing mechanism, heat pumps for 
space heating only spare the high tariff hours in the cold season but operate also during the normal priced periods. 
Storage heaters in contrast, which can store energy at higher temperature levels, only work during low tariff hours. 
The operation of both heating systems is more continuous with the RTP tariff scheme. 
Fig 5: Load profiles for heating systems in the UK, empirical (black) and in 2050 under TOU (green) and RTP (red) tariffs
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Even though the heating load profiles change quite heavily from 2010 to 2050, especially in summer season 
when the cheapest hours are no longer at night but during midday, the overall change in the net load curve is limited 
to a few GW (see Table 2). This is reasoned in the relative small amount of electricity demand of heating systems 
compared to renewable generation. Table 2 lists the amounts of shifted load in the RTP scenario (that showed the 
higher potential of the two tariffs) and generated renewable power. Even in the UK with a relative low PV 
generation, this is the critical quantity due to its particular profile, only 1.56 TWh of shiftable load (with a maximum 
of 2.54 GW load reduction) stand against 23.4 TWh of PV power in the summer season. The contrast is even higher 
in France and Germany. 
Table 2: Overview of the load shifting potential with RTP pricing in 2050 in summer and winter season
France Germany UK
Summer Winter Summer Winter Summer Winter
Heat Pumps [TWh] 0.623 2.67 1.19 4.01 0.471 1.58
Storage heaters [TWh] 2.51 3.43 0.449 1.24 1.09 1.85
Pmax (Heat Pumps) [GW] 1.06 2.54 1.28 2.64 0.985 1.87
Pmax (Storage heaters) [GW] 1.62 2.44 1.16 2.68 1.59 2.94
PV power [TWh] 47.4 20.6 55.2 15.9 23.4 5.33
Wind power [TWh] 51.1 79.5 44.7 73.2 76.4 138
In Table 3 some indicators are given to describe the changes in the net load curve with application of the TOU 
and the RTP price mechanism. In all countries both tariffs are especially effective in reducing the minimum load and 
therefore the negative net demand. The maximum load is only reduced by a small amount, due to the fix EV 
charging profile that induces the evening peak. In general the hourly volatility of the load curve reduces with the 
RTP, which is already indicated by the changes in Pmin and Pmax, but is expressed more explicitly in the ramp rate 
factor. The change in load between two consecutive hours is referred to as ramp rate (rr). The ramp rate factor (rrf) 
then represents the mean absolute ramp rate for the entire year, set with respect to maximum load. A different 
performance can be observed for the TOU tariff: although the overall minimum demand reduces with its application, 
the rrf increases. This effect accounts for the induced peak, when heating systems shift their demand towards the 
beginning of a low price period. 
Table 3: Characterisation of the net load curve without demand response and with TOU and RTP tariff in 2050
France Germany UK
No DR TOU RTP No DR TOU RTP No DR TOU RTP
Net demand [TWh] 211 211 211 211 211 211 348 348 348
Net demand P<0 [TWh] -18.1 -14.7 -13.3 -21.8 -19.5 -18.7 -43.1 -42.0 -40.6
Pmin [GW] -48.4 -45.7 -40.6 -58.2 -55.9 -52.5 -37.5 -36.6 -31.6
Pmax [GW] 81.6 79.5 79.5 81.8 79.6 76.6 62.0 61.0 61.0
rrf [%] 5.97 6.04 5.25 6.24 6.38 5.75 5.70 5.59 5.12
Conclusions
Four major conclusions can be drawn from the scenario-based assessment of the heating technologies in the three 
different countries. First, the electricity demand attributed to heating systems is expected to decline substantially for 
two main reasons: improved insulation of the building shell reduces useful heat demand and the technological shift 
to heat pumps reduces the specific final energy demand per unit of useful heat by approximately the factor of three. 
Second, in exchange for the declining electricity demand, the shift towards heat pumps also implies a substantially 
lower load shifting potential. In strongly simplified terms, it can be said that equipping the same number of 
households with heat pumps instead of storage heaters for space heating decreases the load shifting potential by 
approximately 80%. Third, with respect to seasonal variations, our year-long hourly assessment reveals that heating 
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systems have limited suitability for integrating RES. They offer the greatest flexibility during the winter when PV 
generation is at a minimum and their flexibility is much lower (less than 25%) during the summer when PV 
generation peaks and the net loads drops significantly below zero. Fourth, an analysis of the two different pricing 
schemes, TOU and RTP, clearly underlines the strength of the RTP scheme, which triggers a real-time load 
adjustment, enabling a significant reduction of the peak load and surplus renewable energy. This is particularly true 
for countries that have high volatility in the net load due to significant shares of PV-based electricity generation. At 
the same time, however, the RTP requires more sophisticated communication and control infrastructure whereas the 
TOU scheme is more easily implemented and yields sufficiently good results in the winter time, when heating 
devices are required to run at night, as they do nowadays.
To sum up, the long-term potential of heating technologies for RES integration is relatively limited in countries 
such as France or Germany, given the seasonal offset between PV generation and heat demand and continuously 
improved building insulation. However, in the short- to mid-term perspective and in countries with low shares of PV 
generation but high shares of wind power (such as the United Kingdom), heating technologies may contribute to 
balancing demand and supply, especially in the absence of alternative flexibility options (such as electric vehicles).
Future research activities should extend the scope of analysis to additional sensitivities in terms of heating 
technology diffusion. Comparing the load management potentials of alternative technologies across the coming 
decades could also provide additional insights.
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